Unravelling the role of structural and environmental drivers of gross primary productivity (GPP) and ecosystem respiration (R eco ) in highly heterogeneous tundra is a major challenge for the upscaling of chamberbased CO 2 fluxes in Arctic landscapes. In a mountain birch woodland-mire ecotone, we investigated the role of LAI (and NDVI), environmental factors (microclimate, soil moisture), and microsite type across tundra shrub plots (wet hummocks, dry hummocks, dry hollows) and lichen hummocks, in controlling net ecosystem CO 2 exchange (NEE). During a growing season, we measured NEE fluxes continuously, with closed dynamic chambers, and performed multiple fits (one for each 3-day period) of a simple light and temperature response model to hourly NEE data. Tundra shrub plots were largely CO 2 sinks, as opposed to lichen plots, although fluxes were highly variable within microsite type. For tundra shrub plots, microsite type did not influence photosynthetic parameters but it affected basal (that is, temperature-normalized) ecosystem respiration (R 0 ). PAR-normalized photosynthesis (P 600 ) increased with air temperature and declined with increasing vapor pressure deficit. R 0 declined with soil moisture and showed an apparent increase with temperature, which may underlie a tight link between GPP and R eco . NDVI was a good proxy for LAI, maximum P 600 and maximum R 0 of shrub plots. Cumulative CO 2 fluxes were strongly correlated with LAI (NDVI) but we observed a comparatively low GPP/LAI in dry hummocks. Our results broadly agree with the reported functional convergence across tundra vegetation, but here we show that the role of decreased productivity in transition zones and the influence of temperature and water balance on seasonal CO 2 fluxes in sub-Arctic forest-mire ecotones cannot be overlooked.
INTRODUCTION
Arctic mires and tundra ecosystems store large amounts of C (Turunen and others 2002; Limpens and others 2008) and are experiencing shifts towards more productive vegetation as climate at high-latitudes becomes warmer (Beck and others 2011; Elmendorf and others 2012) . Climate-driven shifts in net ecosystem CO 2 exchange (NEE) of Arctic tundra are highly relevant for carbon-climate feedbacks at the global scale, especially under the enhanced warming predicted for the Arctic (Christensen and others 2007). On one hand, warmer conditions may enhance gross primary productivity (GPP) through the alleviation of thermal constraints on photosynthesis, changes in species composition and/or the increase of growing season length and nutrient availability (Natali and others 2012) . On the other hand, higher temperatures and associated hydrological changes may increase ecosystem respiration (R eco ) (Dorrepaal and others 2009 ) and even release old C stored in permafrost soil and peat (Schuur and others 2009) , potentially offsetting any productivity increases.
Annual sums of ecosystem CO 2 fluxes have shown that NEE is typically negative (that is, net C uptake by the ecosystem) in northern mires (Lund and others 2010) . During warm and dry years, however, sink strength generally decreases and mires can turn into net carbon sources (Alm and others 1999) because of increases in R eco , declines in GPP, or both (Moore and others 2002; Bubier and others 2003) . Hence, the relative sensitivities of GPP and R eco to temperature, growing season length and substrate water content will determine the climate-induced changes in NEE of high latitude mires and tundra ecosystems. These responses will likely vary across ecosystem types, moisture gradients, and microtopographic positions (Oberbauer and others 2007), which can vary considerably on spatial scales of meters or less in spatially complex Arctic landscapes (Asner and others 2003; Spadavecchia and others 2008) .
This heterogeneity of high-latitude low-stature vegetation results in a marked spatial variability of NEE and its flux components associated with microtopography, local hydrology (Heikkinen and others 2004; Nobrega and Grogan 2008; Pelletier and others 2011) and community composition (Riutta and others 2007) . However, functional convergence of canopy N-use across Arctic vegetation types (Van Wijk and others 2005) results in GPP being largely explained by microclimate and leaf area index (LAI) alone (Shaver and others 2007; Street and others 2007) . In these ecosystems, the observed normalized difference vegetation index (NDVI), a good surrogate of LAI, and hence of GPP at given environmental conditions, is often also a good predictor of measured R eco (McMichael 1999; Boelman and others 2003) . However, whether these relationships between LAI (NDVI) and CO 2 exchange also hold for integrated fluxes over the entire growing season has not been thoroughly tested (but see Marushchak and others (2013) ).
Landscape-level studies of CO 2 fluxes in tundra and mire ecosystems depict a pronounced seasonal variability in NEE and its components (Lindroth and others 2007; Lund and others 2010) . At a finer spatial scale, seasonal variation in CO 2 fluxes is high (Bubier and others 2003) and responses to environmental drivers may be ecosystem-specific (Nobrega and Grogan 2008) . Because of this high spatial and temporal variability, detailed measurements across time at multiple points in space are critical for understanding the magnitude and variability of CO 2 exchange in different vegetation and ecosystem types for point-to-landscape scaling efforts (Stoy and others 2013; Oechel and others 1998; Soegaard and others 2000) .
The margins of mires at the mountain birch (Betula pubescens ssp. czerepanovii (Orlova) Hamet-Ahti) woodland-tundra ecotone in northern Fennoscandia are highly representative of heterogeneous lowarctic vegetation. Here, the formation of cryogenic earth hummocks results in a complex microtopography and thus a variety of habitats that differ in snow cover during the winter and substrate moisture during the growing season (Van Vliet-Lanoe and Seppala 2002) . In this study, we used an automated chamber system to measure hourly NEE across a mire-mountain birch woodland ecotone in northern Finland. We focused on differences on NEE controls across four microsites: three tundra shrub microsites, differing in microtopographic position and soil moisture, and one lichen microsite. Fluxes were modelled using semi-empirical responses to light and temperature, yielding normalized GPP at PAR = 600 lmol m -2 s -1 (P 600 ) and R eco normalized to an air temperature of 0°C (basal ecosystem respiration, R 0 ). These and others parameters associated with diel environmental controls on NEE were analyzed in relation to seasonal variation in environmental drivers (mainly microclimate and soil moisture) and plant structure obtained from LAI harvests and seasonal hand-held NDVI measurements. We hypothesized that: (H1a) NDVI would be a good surrogate for LAI and (H1b) would explain differences in P 600 across microsites. It was also postulated that (H2) for tundra shrub microsites, seasonality in photosynthetic parameters would be unaffected by microsite type and would be largely explained by NDVI and air temperature (H3a). We also hypothesized that R 0 would be positively related to NDVI and, given the prevailing wet conditions in sub-Arctic mires, R 0 would decline with soil moisture because of limited oxygen diffusion into the soil (H3b). According to the functional convergence reported for tundra vegetation (H4) growing season cumulative NEE would be strongly correlated with LAI (or NDVI) across microsites.
METHODS

Study Site and Plot Characteristics
The study area (69°29¢35.37¢¢N, 27°13¢52.91¢¢E, 272 m.a.s.l.) was located near Petsikko, about 35 km south of the Kevo Subarctic Research Institute in northern Finland. Mean annual temperature at Kevo (80 m.a.s.l.) is -1.6°C and annual precipitation is 415 mm (1962 . The mineral soil is formed by glacial till and underlain by gneiss. The site presents topographical depressions occupied by open water, gradually turning to Eriophorum-Carex lawns and Sphagnum pools at the mire (peatland) margins. The surrounding gentle slopes are mostly covered by mesic tundra shrubs growing on peat deposits, grading into a sparse mountain birch (Betula pubescens ssp. czerepanovii) woodland.
We studied a forest-mire ecotone (Appendix 1 in Online publication), characterized by hummocks with a typical height of approximately 0.6 m and a maximum diameter of approximately 1 m. The mean depth of the organic horizon was about 20 cm (Wayolle 2011) . Ecotones between mires and sub-Arctic woodland in northern Fennoscandia display characteristic formations of peat hummocks, associated with the area of discontinuous permafrost (Van Vliet-Lanoe and Seppala 2002) . Even though there is no permafrost at the site, these hummocks can show ice lenses in their cores even in late summer (Wayolle 2011) and are usually covered by various shrubs, mosses, and lichens. The shrubs were dominated by mesic tundra heath species, such as Empetrum nigrum L., Vaccinium vitisidaea L., Calluna vulgaris L. (Hull), and Vaccinium myrtillus L. The moss species included Sphagnum fuscum (Schimp.) Klinggr., Pleurozium schreberi (Brid.) Mitt., and acrocarpous mosses. The lichens (Cetraria spp. and Cladonia spp.) form a thin cryptogamic crust covering tall hummock tops devoid of vascular vegetation because of frost exposure and wind abrasion (Van Vliet-Lanoe and Seppala 2002) .
We deployed 12 PVC collars (19.9 cm internal diameter and 4.5 cm height) in early June 2008 to measure four microsite types, with three replicates for each type (Table 1) . Three microsite types were dominated by tundra shrubs and differed in their spatial location, both in terms of microtopography and position along the mire to forest ecotone: mire hummocks (HM) were located close to the wetland and forest hummocks (HF) were nearer the forest edge and dry hollows (DH) occupied depressions at intermediate locations. HM and HF were dominated by E. nigrum and Vaccinium species, and DH was almost exclusively covered by C. vulgaris. Lichen hummocks (HL) had only a poor lichen and moss cover (Table 1) . Given their similar shrub vegetation characteristics, HM, HF, and DH microsites will hereafter be referred to as ''tundra shrub microsites'' throughout the manuscript.
Multiplexed Automated CO 2 Flux Measuring System
We used a closed dynamic CO 2 flux system for measuring CO 2 flux rates (lmol CO 2 m -2 s -1 ). The system comprised an infra-red gas analyzer (Li-Cor 8100, Li-Cor Inc., Lincoln, Nebraska, USA), a custom-built multiplexed gas handler unit (Electronics Workshop, Biology Department, University of York, UK) and 12 clear, Perspex chambers based on a commercial soil respiration model (LiCor 8100-101; 20 cm diameter). Chambers closed and opened sequentially, allowing hourly measurement cycles of 12 vegetation patches at a maximum radial distance of 20 m from the multiplexer. The chamber bases had rims with a rubber gasket, which insured a tight fit with PVC collars. These collars were deployed on the 12 selected patches and gently sealed to the ground, without cutting or inserting into the substrate, using non-setting plumber's putty (Plumber's Mait, Bostik Ltd., Leicester, UK). We took this precaution to avoid damaging the prostrate stems and the roots of dwarf-shrub tundra species, which could potentially affect measured C fluxes as shown for another peatland (Heinemeyer and others 2011) . The system operated from the 11th of June (DOY 163) until the 14th of September (DOY 258) of 2008. Further details on the operation of a similar system used for respiration measurements can be found in Heinemeyer and others (2011) .
We used the meteorological sign convention for NEE, in which a net flux from the atmosphere to the biosphere is negative. NEE was calculated as:
where P is air pressure inside the chamber (Pa), V (m 3 ) is the system volume in (chamber, irga/ multiplexer and tubing), T 0 (°C) is air temperature at chamber closure, R (J K -1 lmol -1 ) is the ideal gas constant, A is chamber surface area (m 2 ) and
) is the rate of change in water vapor-corrected CO 2 concentration in the chamber headspace. We calculated this rate from CO 2 and water vapor concentrations measured every 2 s, over the 150 s period when the chamber remained closed. We estimated d[CO 2 ] dry /dt from the first-order term of a quadratic fit between [CO 2 ] dry and time since chamber closure. Nonlinear fits describe better the concentration dynamics in the closed chamber, and do not systematically underestimate the fluxes (Kutzbach and others 2007) . However, in the presence of noisy concentration data under low flux conditions, we opted for the more stable linear fit; we selected the linear regression whenever the slope for the linear fit and the linear term of the quadratic fit had opposite signs.
Vegetation and Structural Measurements
We took pictures of all the plots with a digital camera (DX 7630, Eastman Kodak, Rochester, NY, USA) on the 31st of July 2008, and estimated percentage cover for each species combining manual delimitation with the ''selection by colour'' tool in the image analysis software GIMP v. 2.4.6. At the end of the flux measurement period (16th of September), we harvested all the aboveground biomass inside the collars, dried it for 48 h at 60°C and weighed it. Leaf biomass for each plot was converted into leaf area using specific leaf area (SLA) measured for each species in nearby plots (Fletcher, Sloan and Phoenix, unpublished) , summed up and calculated plot-scale LAI (Table 1) .
We measured NDVI on the study plots on seven dates (29th June, 2nd July, 31st July, 8th August, 1st September, 6th September, and 11th September). We used a two-channel sensor (SKR 1800, Skye Instruments) attached to a hand-held console (SpectroSense2, Skye Instruments) to measure surface reflectance in the red (channel 1, 0.56-0.58 nm) and near-infrared (channel 2: 0.725-1.1 nm) bands. We held the sensor pair at a height of 0.4 m above the plot, so that the effective area measured by the sensor measuring reflected light (25º field of view, no diffuser cap attached) corresponded to the collar area. We used the diffuser cap to cosine-correct the incident light measured by the upward-looking sensor. NDVI was linearly interpolated across measuring dates to obtain a continuous daily estimate. For our plots, dominated by evergreen species (Table 1) , this interpolation was a reasonable approximation after checking NDVI variation measured from a nearby tower-mounted sensor (Evans, unpublished results).
Environmental Measurements
We measured photosynthetically active radiation (PAR) with a pair of quantum sensors (Delta-T, Burwell, UK); one was deployed inside one of the collars and the other just outside the same collar. We thus quantified an approximately 20% PAR attenuation during chamber closure by fitting a power function between ambient and insidechamber PAR (PAR ambient = 0.80AEPAR chamber 1.01; R 2 = 0.97; N = 945). We used this function to correct ambient PAR to inside-chamber values (needed to correct for ambient NEE fluxes).
We obtained plot-specific air temperature from the value measured by chamber thermistors at chamber closure. We calculated vapor pressure deficit (VPD) using air temperature and relative humidity in the chamber (Jones 1992) . Site air temperature, PAR, and precipitation were measured in a meteorological tower at about 50 m from the location of the chambers. We measured half-hourly volumetric soil moisture (SWC; CS616 water content reflectometer and CR1000 datalogger, Campbell Scientific, UK) in one representative plot of each vegetation type (N = 4). We installed the reflectometer rods (30 cm long) obliquely so that the measurement was representative of a larger area; measuring depth was thus 0-10 cm. We also measured soil temperature (5 cm depth) (every 30 min) in all plots by soil thermistors connected to a datalogger (DL2e, Delta-T Devices, Cambridge, UK).
NEE Modelling
We modelled plot-scale CO 2 fluxes using semiempirical responses to light and temperature. We binned hourly daytime NEE fluxes in 3-day classes and fitted the following model, which combines a rectangular hyperbola to simulate GPP and an exponential relationship between ecosystem respiration and temperature (Williams and others 2006) :
where R 0 is basal respiration (lmol CO 2 m -2 s -1 ), representing ecosystem respiration at 0°C, b (°C -1 ) is respiration sensitivity to temperature, P max (lmol CO 2 m -2 s -1 ) is asymptotic maximum photosynthesis and k is the half-saturation constant (lmol PAR m -2 s -1 ). For comparative purposes, we calculated gross photosynthesis at PAR = 600 lmol m -2 s -1 (P 600 ) (Street and others 2007), we expressed respiration sensitivity to temperature as a Q 10 coefficient (Q 10 = e b ) and we converted k to quantum efficiency (a = P max /k; lmol CO 2 lmol -1 PAR) (Atkin and others 2005; Street and others 2007) .
Despite some gaps due to power failures in this remote and harsh environment, we obtained CO 2 time series that covered 51-58% of the hourly intervals within the measuring period, depending on the plot (see ''Results''). Therefore, the parameters of the NEE model were linearly interpolated to complete missing days and then the model was applied to gap-fill the NEE time series. The same model was also used to decompose NEE into GPP and R eco . The completed CO 2 flux time series were then aggregated into growing season cumulative values.
Data Analyses
All data analyses, including CO 2 flux calculations, were carried out using the statistical package R 2.9 (R Development Core Team 2009). We calculated the 5 and 95% quantiles of NEE hourly rates (NEE 5% and NEE 95% , respectively) for each plot, to represent robust estimates of sustained, maximum CO 2 uptake, and release capacity and to aid in comparative analyses across vegetation types. Linear mixed-effects models (Pinheiro and Bates 2000) were used to analyze the influences of environmental drivers and structural variables on the seasonal dynamics of NEE model parameters. Models were fitted using restricted maximum likelihood (package lme, R 2.9), with plot code introduced as a random factor. We tested all possible combinations of time (DOY), environmental drivers (air temperature, VPD, and soil moisture), and structural variables (NDVI, vegetation type) as fixed effects. As the NEE model parameters are subject to temporal autocorrelation we introduced a correlation structure based on a continuous first-order autoregressive process (corCAR1). Model performance was assessed via graphical inspection of the residuals and their autocorrelation function. Models with the lowest Akaike's information criterion (AIC) were retained and R 2 values were calculated using likelihood ratio tests (lmR2LR, package lmmfit, v. 1.0).
RESULTS
Meteorology and Soil Moisture During the Growing Season
Daily mean air temperatures were close to 0°C at the beginning and the end of the study period, and only reached maximum values of 15°C ( Figure 1A ). June-August average temperature was 8.4°C, cooler than the altitude-corrected climatic value 9 .9°C). Precipitation (167.5 mm, June-August average) was evenly distributed throughout the study period ( Figure 1C) , and almost identical to the climatic average (171 mm Figure 1B ). Average soil temperature (measured at a depth of 5 cm) over the growing season was 9.6 ± 0.02°C, and only forest hummocks (HF) were slightly warmer (0.07°C, P = 0.033) than the overall mean. Soil water content was higher in mire hummocks (HM) compared with forest hummocks (growing season mean ± SE values of 0.67 ± 0.004 and 0.19 ± 0.02 cm 3 cm -3 , respectively). Dry hollows (DH) and lichen hummocks (HL) showed similar soil moisture values (0.38 ± 0.002 and 0.33 ± 0.002 cm 3 cm -3 , respectively) and dynamics throughout the growing season ( Figure 1D ).
Seasonal and Diel Courses of NEE
For tundra shrub microsites (that is, HM, HF, and DH), NEE displayed pronounced and very similar seasonal dynamics, whereas the lichen hummocks (HL) showed much lower fluxes, acting as carbon sources for most of the growing season (Figure 2 ). Within tundra shrub microsites, NEE 5% did not vary across microsite types (P = 0.958). However, a marginally significant difference (P = 0.059) was found between night-time NEE 95% averaged for all tundra ). The diel courses of NEE confirmed that within-microsite variability was the largest source of variation in NEE fluxes, especially during the peak growing season (Figure 3 ).
Seasonality in NEE Model Parameters
The NEE model performed well (Appendix 2 in Online publication) with better fits for tundra shrub microsites (average adjusted R 2 = 0.78) than for HL (average adjusted R 2 = 0.53). For all tundra shrub microsites, P 600 showed a clear seasonal pattern, with a peak around DOY 220, regardless of the microsite type (Figure 4 ). Across microsites, quantum efficiency (a) tended to show similar increases at the beginning of the growing season. However, the late season decline in a was not as fast as the early season rise, especially for DH plots, which showed a broad mid-season plateau in the value of a (Figure 4) . HL plots showed much lower values for P 600 and a, representing only 16 and 27%, respectively, of the average values obtained for tundra shrub microsites. Basal respiration also showed peaked dynamics (peak between DOY 195 and 220), although not as clear as that observed for P 600 . One of the HL plots (HL1) had R 0 values of similar magnitude to those of the tundra shrub plots. The Q 10 coefficient showed a slightly bimodal pattern, with higher values during early and peak season (Figure 4) . Again, higher variability in the parameters of the NEE model was found within microsites compared to that observed among microsites (Figure 4 ).
NDVI and Environmental Variables Drive NEE Seasonality
The highest NDVI values were observed for HF plots, HL showed the lowest (Figure 4 ) and HM and DH displayed intermediate NDVI. Although both microsite type (F = 12.04, df = 8, P = 0.0025) and date (F = 5.67, df = 68, P = 0.0201) had an effect on NDVI values, repeating the analysis omitting the HL plots showed that only date remained as a significant effect on NDVI of tundra shrub plots (F = 9.20, df = 51, P = 0.0038) and microsite type played no role (F = 2.28, df = 6, P = 0.1830). Accordingly, the peak value of NDVI showed a tight correlation with both plot vascular biomass and LAI (Figure 5C , D; Table 2 ). Similarly, maximum NDVI was strongly related to peak P 600 and R 0 values (Figure 5A , B; Table 2 ). However, some discrepancy was observed, as the seasonal course of NDVI showed an early season increase but a very slight late season decline, compared to P 600 dynamics (Figure 4) . Figure 5 . Relationships between maximum NDVI and: maximum values of A P 600 and B R o , C plot vascular biomass, and D plot LAI. NDVI and air temperature emerged as the main variables controlling the NEE model parameters for tundra shrub microsites, albeit NDVI was only marginally significant in the R 0 model (Table 3) . A quadratic effect of air temperature and a negative effect of VPD were found for P 600 . A negative influence of SWC was observed for R 0 but not for the Q 10 coefficient; this latter parameter only varied with DOY (Table 3) . No effect of microsite type was observed on P 600 or a, but R 0 did vary across microsites (Table 3) , However, this microsite effect was highly correlated with the SWC effects (r > 0.97; data not shown).
A C B D
Environmental and Structural Controls on Growing Season CO 2 Fluxes
Variability in growing season CO 2 fluxes was high within microsite types ( Figure 6 ) and the only consistent differences were found between tundra shrub and lichen microsites (Table 4) . Within-microsite variability was less for R eco than for GPP (Table 4) . Lichen-covered plots were a consistent C source whereas tundra shrub plots were C sinks, except for plot HF1 (Figure 6 ; Table 4 ). There were large, although only marginally significant, differences in NEE and GPP/LAI between HM and HF microsites, with much higher C uptake per unit leaf area in HM microsites (Table 4 ). We also found that both LAI and NDVI were good predictors of growing season NEE, GPP, and R eco across plots (Figure 7 ; Table 2) and that R eco was strongly related to GPP in a nonlinear fashion (Figure 8 ; Table 2 ).
DISCUSSION
Vegetation Parameters and Instantaneous NEE Fluxes
Within the studied ecotone, between mire and forest, we observed a great variability in LAI and vascular biomass of tundra shrub and lichen hummocks, characteristic of sub-Arctic areas. NDVI values were tightly related to biomass and LAI across plots, consistent with our hypothesis H1a and with findings for other tundra ecosystems (Boelman and others 2005; Street and others 2007) . Accordingly, maximum NDVI varied from very low values for HL plots, which were close to pre-growing season, baseline values (%0.3) (Huemmrich and others 2010), to typical maximum NDVI observed in sub-Arctic heath (Street and others 2007) . Seasonal variation of NDVI was also in agreement with that measured in other Arctic The response variable was log-transformed when needed. Vegetation type HM has been considered the reference level. Rows in bold show statistically significant effects (P < 0.05) and italicized results depict marginally significant effects (0.1 < P < 0.05).
ecosystems (La Puma and others 2007; Huemmrich and others 2010).
Our results showed slightly lower instantaneous NEE fluxes compared to other studies using automated chambers in northern peatlands (Bubier and Different letters indicate significant (P < 0.05) differences among types. Marginal differences (0.1 < P < 0.05) between two vegetation types are also italicized.
2007; Lund and others 2010). We also observed high within-microsite variability in NEE rates, largely related to LAI variations across plots, as has been reported across Arctic tundra sites (Shaver and others 2007) .
Seasonal Drivers of Photosynthetic Parameters
The parameters describing the response of GPP to light varied seasonally in parallel to NDVI dynamics, and no differences were found amongst the different tundra shrub microsites. Maximum P 600 peaked at the end of July and started to decline in August, as observed in other sub-Arctic sites (Alm and others 1997) . Maximum P 600 was tightly related with maximum NDVI across plots (H1b), but our mixed-effects models did not include any interaction between vegetation type and DOY (or NDVI) to explain variation in either P 600 or a. Therefore, we could not detect any season-specific differences in the response to light of leaf-areabased photosynthesis in our tundra shrub plots, consistent with our hypothesis H2. Similar phenological patterns of leaf area-based P 600 have also been reported across Empetrum and dry heath patches in sub-Arctic tundra at Abisko, northern Sweden (Street and others 2007) . Nevertheless, during the late growing season, P 600 decreased proportionally faster in comparison to NDVI, concomitant with photoperiod and air temperature decline. This suggests that NDVI may not entirely capture the biochemical downregulation of photosynthesis occurring in late summer. Accordingly, the mixed model results for P 600 , apart from the NDVI effects, showed positive, linear and quadratic effects of temperature. A positive influence of air temperature on P max and on the halfsaturation constant of photosynthesis k (inversely proportional to a; see ''Methods'' section), has also been reported for Arctic tundra plots in Alaska (Williams and others 2006) . Moreover, quadratic effects are consistent with nonlinear, delayed responses of P max to temperature, as shown previously for two of the species included in this study: Calluna vulgaris and Vaccinium vitis-idaea others 2009, 2011) .We have also found a negative effect of VPD on P 600 (Williams and others 2006) , which may be due to a combination of two processes: (1) stomatal limitations on CO 2 assimilation or (2) desiccation-induced reductions in moss photosynthesis. Although we did not find an effect of soil moisture on P 600 , as other studies suggest (Kulmala and others 2011) , atmospheric drought alone may induce stomatal closure in some Arctic species (Humphreys and others 2006) . In contrast, gross productivity of mosses appears to be rather insensitive to water content under typical climatic conditions in similar sub-Arctic locations (Street and others 2012) .
Seasonal Drivers of Respiration Parameters
The seasonal variation in R 0 tracked the dynamics of NDVI and photosynthetic parameters, whereas the Q 10 coefficient decreased slightly throughout the growing season, and did not vary with any environmental variable. These results are in agreement with other chamber-based studies in peatlands (Cai and others 2010) and the invariant, intrinsic Q 10 coefficient for R eco observed at the global scale (Mahecha and others 2010) . We also observed positive and negative effects of air temperature and soil-water content, respectively, on R 0 . If we assume that the NEE model absorbed the response of R eco to temperature in the Q 10 coefficient, we may interpret the apparent positive effect of air temperature as being mediated by recent photosynthesis. High air temperatures are related to increased radiation and both enhance plant photosynthesis, which, in turn, would boost plant respiration and stimulate respiration of labile exudates by soil microbes, hence increasing R eco . This explanation would be supported by the tight link between recently assimilated carbon and R eco observed in temperate heathland (Larsen and others 2007) and Arctic tundra (Subke and others 2012) . The negative effect of soil water content on R eco can be explained by low soil aeration limiting microbial decomposition (Johnson and others 1996) , especially in the moister HM microsite, close to the mire edge. Overall, these results support our hypothesis H3b but also highlight additional vegetation controls on R eco .
Structural Controls on Growing Season CO 2 Fluxes Across Microsites
Importantly, all tundra shrub microsites were consistent CO 2 sinks compared to lichen hummocks, which were CO 2 sources. However, because of the low number of replicates, we could not find significant differences in growing season NEE across microsites. Previous studies have shown that tundra heath patches can be CO 2 sinks (Alm and others 1997; Marushchak and others 2013) , CO 2 sources (Alm and others 1999; Heikkinen and others 2004) or CO 2 neutral (Nobrega and Grogan 2008; Maanavilja and others 2011) , probably reflecting differences in LAI and specific environmental conditions. Likewise, bare peat and lichen communities are consistent CO 2 sources (Heikkinen and others 2004; Marushchak and others 2013) .
Across plots, all growing season CO 2 fluxes were strongly and positively related to LAI, as also recently observed in a reconstruction of a seasonal CO 2 budget using manual chamber measurements (Marushchak and others 2013) . Similarly, we observed a good correspondence between peak NDVI and all the CO 2 flux components integrated over the growing season. Although the link between NDVI and GPP is mechanistically straightforward, the association between NDVI and R eco might be explained by a high contribution of autotrophic respiration to R eco and/or a tight link between growing season R eco and GPP, as we observed here. NDVI has indeed been related to instantaneous or daily GPP and R eco (McMichael 1999; Boelman and others 2003) , although sometimes with a low explanatory power (La Puma and others 2007; Dagg and Lafleur 2010) .
Although the relationship between NDVI and NEE was weaker than for GPP and R eco , NDVI still explained a high proportion of NEE variation, in contrast with the weak or non-existent relationships reported for other plot-scale studies in the Arctic (La Puma and others 2007; Dagg and Lafleur 2010) . Our results are thus in agreement with the observed control of LAI on ecosystem-level NEE across northern peatlands and tundra sites (Lund and others 2010) . We are not aware of any other study in low Arctic ecosystems showing these strong vegetation controls on growing season NEE and its components for patch-scale CO 2 fluxes, measured at high temporal resolution over the course of an entire growing season.
Implications for CO 2 Flux Upscaling
The NEE model employed in this paper does not include LAI as an input, as the one proposed by Shaver and others (2007) does. Hence, here, seasonal variation in the parameters of the NEE model implicitly includes seasonal LAI dynamics and we analyze a posteriori the roles of structural versus environmental drivers in controlling NEE using a mixed-effects model. We follow this approach because one of the aims of this paper was to test whether our data support the reported functional convergence in NEE controls across Arctic ecosystems, not to test the direct applicability of the model by Shaver and others in our site. Moreover, there are some drawbacks to the application of this model, such as the uncertainty in LAI estimation (see discussion in Shaver and others 2007) .
Overall, our results are broadly consistent with this functional convergence, but underline the additional role of air temperature and VPD effects on the seasonal light response of tundra vegetation. In addition, GPP per unit leaf area in mire hummocks (HM) was more than double the value observed for drier forest hummocks (HF), and similar to dry hollows (DH). The similarity in GPP/LAI observed between DH and HM microsites (that is, under contrasting soil moisture conditions) would not support a hypothetical effect of soil moisture in reducing GPP/LAI, although the HF microsite was even drier than the DH microsite and, therefore, a drought effect could not be discarded. Various studies on Arctic tundra have indeed shown increased productivity in wetter patches (Nobrega and Grogan 2008; Dagg and Lafleur 2011) and reduced light use efficiency in dry microsites (Huemmrich and others 2010). However, a reduction in GPP/LAI could be attributed to a suboptimal arrangement of vegetation within the transition zone. A recent study has reported this phenomenon for ecotones containing E. nigrum in another sub-Arctic site and Betula nana-dominated transects within the same study area (Fletcher and others 2012) . However, whether this is the only explanation for the observed differences is doubtful, as changes in vegetation composition between HF and HM plots are minor (Table 1) . Our results thus only partly support hypothesis H4 and suggest, for growing season CO 2 fluxes, a decrease in GPP/LAI within sub-Arctic ecotones from mires to forest, which may be mediated by reductions in soil moisture.
Another important implication of our results concerns the consistent CO 2 sources observed in lichen hummocks. The analysis of a land-classification map obtained from airborne photography (Hill, unpublished) shows that approximately 20% of the area in the ecotone between forest and mire is covered by lichen. Therefore, these hotspots for C release will significantly contribute to reducing the C sink capacity at the landscape scale. However, poorly vegetated and bare peat hummocks usually present frozen cores (Van Vliet-Lanoe and Seppala 2002) , as observed at the study site (Wayolle 2011) , which may degrade with climate warming and result in increased net C uptake after shrub colonization of these hummocks (Bosiö and others 2012) .
CONCLUDING REMARKS
Our results showed a great variability in NEE fluxes within tundra shrub and lichen microsites at diel and seasonal timescales, which could be largely explained by microclimate and LAI. Given the good correspondence observed between vegetation parameters and NDVI, this spectral index was found to be a good predictor of both maximum photosynthetic and respiratory potential. Other studies on low-stature vegetation have shown that broad-band NDVI can be used to predict NEE light response parameters (Wohlfahrt and others 2010) . Nevertheless, we have also found that other environmental drivers modulate the dynamics of vegetation controls on CO 2 fluxes, and they should therefore be included in models of NEE in low Arctic ecosystems (Loranty and others 2011) . We have also shown that NDVI can successfully predict growing season GPP, R eco , and NEE of sub-Arctic heath and lichen communities. Finally, the comparatively low GPP/LAI observed in hummocks near the forest edge is consistent with a decreased productivity observed in transition zones between Arctic vegetation types and soil moisture constraints on plant assimilation.
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